Abstract-A novel frequency reconfigurable 4G Multiple-Input Multiple-Output (MIMO) handset antenna is presented and verified with experimental results. Frequency tuning is used to minimize the antenna volume and to compensate for the losses related to user-originated impedance detuning. Both antenna elements are independently frequency reconfigurable and can cover most of the LTE-A bands. The study compares the losses of CMOS-and MEMS-based digitally tunable capacitors (DTC). In addition, two prototypes with total antenna volumes of 1170 and 3900 mm 3 have been studied. The results show that the larger antenna structure operates with an efficiency better than 49% across the frequencies of 698-960 MHz and better than 56% across the frequencies of 1430-2690 MHz, when a MEMS-based DTC is used. In addition, a new method is introduced to estimate the suitability of the antenna geometry for frequency tunable antennas.
INTRODUCTION
The number of antennas in small mobile devices has been continuously increasing along with the frequency band allocated for cellular use, while the volume reserved for the antennas has remained the same or even reduced. As a consequence, antennas easily become inefficient, thereby significantly lowering the achievable data rates and coverage. One possible solution to this challenge is to use small, frequency reconfigurable antennas to instantaneously cover only a part of the used band(s). The feasibility of this approach has significantly increased due to the recent developments in Complementary Metal Oxide Semiconductor (CMOS) and MicroElectroMechanical Systems (MEMS) technologies.
Several handset antennas with multi-antenna functionality have been proposed in recent years, such as the MIMO antennas presented in [1] [2] [3] [4] [5] [6] . In addition, a number of frequency reconfigurable handset antennas have been proposed, e.g., in [5, [7] [8] [9] [10] . Based on the authors' knowledge, there are only a few previous papers with measurement results dealing with a frequency reconfigurable handset antenna having MIMO performance [5, 10] .
In [5] , frequency tuning is achieved by using a planar inverted-F antenna (PIFA) with a fourstate GaAs switch. The structure is large in size (8750 mm 3 ) and only the main antenna is frequency reconfigurable. In [10] , frequency tuning is implemented by using a PIFA with a varactor diode. However, the tuning range is limited and the antenna efficiency is not reported.
In this paper, a novel frequency reconfigurable handset antenna with MIMO capability is presented. Two prototypes with total antenna volumes of 1170 and 3900 mm 3 are studied. In addition, a new way of analyzing the suitability of the antenna geometry for frequency tuning is introduced. The matching circuit losses of CMOS-and MEMS-based DTCs are discussed.
Preliminary antenna structures studied are shown in Section 2. The used matching circuit and the losses caused by the tuning are presented in Section 3. It is shown that a close correlation exists between the reactance behavior of the antenna input impedance and the tuning circuit losses. The final antenna structure and the manufactured prototypes are presented and discussed in Section 4, in which different performance metrics with and without the presence of a user are shown and explained. Finally, the proposed design is compared to state-of-the-art antennas.
ANTENNA DESIGN

Envelope Correlation and Multiplexing Efficiency
The envelope correlation coefficient (ρ e ) defines the similarity between antenna patterns, and it is often required that ρ e < 0.5 in order to provide good diversity and spatial multiplexing efficiency. In the analysis of this work, the ρ e is calculated from radiation patterns using the equation presented in [11] assuming isotropic and uniform, i.e., reflection-rich environment. The complex far-field radiation patterns are measured in an anechoic chamber. It is shown in [12] that the spatial multiplexing efficiency (η mux ) in an isotropic environment isη
where η 1 and η 2 are the total efficiencies of the antenna elements 1 and 2, respectively. Theη mux defines the loss of signal-to-noise ratio (SNR) with respect to ideal MIMO antennas. The approximation is made under an assumption that the SNR is greater than 15-20 dB. When the SNR is lower, diversity techniques are typically applied.
Design Considerations
The antennas are designed with the LTE-A specifications in mind. The LTE-A band is divided into two sub-bands: (1) 698-960 MHz (later "low-band") and (2) 1430-2690 MHz (later "high-band"). The bandwidth requirement at the low-band is 262 MHz, and in order to achieve this demand, a relatively large antenna volume is required [6] . In this paper, frequency tuning is used to minimize the required antenna volume and to compensate for the losses related to user-originated impedance detuning. The use of non-self-resonant elements [13] is justified due to their low inherent selectivity, which makes their frequency tunability more prominent compared to self-resonant elements [7, 8] . Furthermore, nonresonant antennas require the use of matching circuits in any case, meaning that tunability will not add much to the complexity of matching circuit. The tuning will be implemented by using two different types of DTCs [14, 15] . The antenna geometry is printed on a 120 × 60 × 1.5 mm 3 PCB ground plane (Rogers RO4003C) with copper coating on both sides. The area reserved for each antenna is 15 × 26(390) mm 2 , and space for a USB port is reserved between the antennas. The studied antenna structures are placed inside a polycarbonate enclosure with total outer dimensions of 122 × 62 × 7 mm 3 . The PCB is located close to the back cover, as shown in Figure 5 (c). All electromagnetic (EM) simulations in this paper are performed using the FDTD-based EM-simulator SEMCAD-X by SPEAG.
In conventional Single-Input Single-Output (SISO) antenna systems, the main parameters affecting the antenna performance at the low-band are the size of the antenna element and chassis [6, 16] . In addition, the location of the antenna element has a significant contribution to the antenna performance. The location of the feedings also has a major effect on the MIMO performance [3] . The shape of the antenna element affects the impedance behavior which has strongly influences the tuning range and component losses, as will be shown later.
A major challenge in electrically small, frequency reconfigurable antennas is often to achieve a reasonable efficiency at low frequencies while maintaining an adequate tuning range. Therefore, the focus in this paper is to have as good a total efficiency as possible at low bands, while having a sufficient frequency tuning range to cover most of the LTE-A bands.
Antenna Feed, Shape, and Dimensions
Next, we demonstrate using three generic antenna structures (A, B and C) how to end up with the final antenna design (see Figure 1) . The antenna geometries are designed to have a strong coupling to the lowest-order chassis wavemodes and to maximally utilize the available antenna volume. feeding locations have been studied. Three different performance metrics for the antennas are shown in Figure 2 : 1) electromagnetic (EM) isolation; 2) ρ e ; and 3) total loss (L tot ). 1) EM Isolation defines the isolation between antenna elements in a theoretical case where all elements are perfectly matched with lossless matching circuits [17] . The USB extension (Figure 1 ) improves the EM isolation by 2-3 dB at the low-band compared to the case without the extension. As shown in Figure 2 (a), the location of the feed does not have a significant effect on the EM isolation (Cases A and C), whereas the antenna geometry has a strong influence on the EM isolation performance -the open ends of the antenna should be pointing away from each other, as with Cases A and C.
2) Envelope correlation is determined when the antenna elements are in resonance (|S 11 | ≈ −18 dB) at 0.7 and 0.9 GHz. The matching is realized with a lossless L-section matching circuit at 720 and 900 MHz. As seen in Figure 2 (b), the best ρ e performance is achieved when the antenna feeds are placed far from each other (Cases B and C). This is due to the diagonal antenna-chassis mode introduced in [18] .
3) Total loss results shown in Figure 2 (c) are calculated by using the optimal DTC value in each studied frequency point, i.e., the antenna is matched separately at each frequency point with Optenni Lab circuit simulator [19] . The used matching circuit topology is shown in Figure 3 , and a CMOS-based DTC is used. At 700-800 MHz, the losses are mainly caused by the matching circuit. At 800-1000 MHz, the isolation losses are about the same order of magnitude as the component losses. At the high band, the mismatch losses are significant in most cases, i.e., the tuning range is not sufficient (Cases B and C). The location of the feeds does not affect the total loss (L tot ) performance, whereas the antenna geometry has the most significant impact on the L tot behavior. The reason for this is studied further in the next section.
ANTENNA GEOMETRY
The used antenna element is inherently capacitive across most of the LTE-A bands that it should cover. One possible dual-band matching circuit topology that can cover the desired bands is presented in [20] . This matching circuit combines the performance of low-pass and high-pass resonators (see Figure 3) . The frequency tuning is realized by varying the state of the shunt capacitor, which is later denoted as a digitally tunable capacitor (DTC).
For efficient performance of the tuning circuit, the antenna impedance should be chosen properly. A traditional way is to use the antenna Q to estimate the efficiency of the antenna structure [21] . Typically, a large antenna Q results in high resistive losses of the antenna structure and matching circuit. However, this method does not necessarily lead to the best antenna geometry for frequency reconfigurable antennas. The Q of Cases A, B and C is 23.8, 24.0, and 26.0, respectively, at 720 MHz.
Although Case C has the highest Q of the three at the example frequency, it performs best in terms of L tot when the tuning circuit is employed (see Figure 2 (c)). Numerical study on the losses of the matching circuit revealed that the DTC and inductor L 1 dominate the total resistive losses at all frequencies and DTC states. Hence, the total resistive losses, when possible impedance mismatch losses are not included, can be approximated as
where G e is the total conductance of the DTC and L 1 , and G L is the radiation conductance of the antenna. Figure 4 (a) shows G e = R e /(R 2 e + X 2 e ) for CMOS-based DTC. Note that G e is a function of frequency and state of the DTC. The capacitance of the DTC increases with the state such that state 31 is used at the lowest frequency and state 0 at the highest one. In the low-band, G e is between 10 −3 and 5 · 10 −4 , varying relatively little across the whole frequency band, and thus its effect can be neglected. Finally, the efficiency of the matching circuit is inversely proportional to the radiation conductance of the antenna. The Conductance Loss Factor (CLF) for the most promising antenna geometry can be derived from (2) and can be expressed as
In general, a better tuning circuit efficiency is obtained with a lower CLF. The CLF corresponds well with the L tot results shown in Figure 2 (c), especially at the low-band. At the high-band, the comparison is not as straightforward because of the matching losses that are included in the L tot .The resistive losses were ignored in the simulations (R rad = R L ).
PROTOTYPE DESIGN
The preliminary study with Cases A, B and C revealed that the feeding points should be placed far from each other to improve the ρ e . In addition, the open ends should be located far from each other to improve the EM isolation. The loss study revealed that the best η tot is achieved when the radiation conductance of the antenna element remains at a reasonable level across the whole band. Thus, Case C is the best candidate to be studied further. However, the performance of Case C near 2.2 GHz is limited (see Figure 2(c) ). This is mainly due to a large series inductance caused by the long and thin feeding strip (length 35 mm). This can be avoided by using a curved feed that decreases the effective series inductance and keeps the effective parallel capacitance suitable. One possible way to reduce feed inductance through shape optimization is shown in Figure 1 (Proto). The used fixed-value matching components are from the LQW18A and GQM1885 series by Murata. Two different DTC types are studied: the first is the CMOS-based PE64904 by Peregrine [14] and the second is the MEMS-based WS1050 by WiSpry [15] . The quality factors of the DTCs are from 10 to 35 (CMOS) and from 120 to 590 (MEMS), and the capacitance tuning range is from 1.14 to 5.10 pF and 0.50 to 5.75 pF, respectively.
Based on the above discussion, a prototype was designed, fabricated and measured (see Figure 5 ). The antenna elements are located symmetrically with respect to the long axis of the chassis in order to simplify the implementation of the matching circuit. Hence, the elements are located on opposite sides of the PCB. Each individual antenna design is referred to with a letter, e.g., "ProtoC", where C refers to CMOS-based DTC and M to MEMS-based DTC used in the design. The measurements were made only for ProtoC because of limited availability of the MEMS-based DTC at that time. 
Matching Circuit Losses
The distribution of the matching circuit losses is further analyzed in Table 1 which compares the two DTCs at different frequencies. The isolation efficiency (η isol ) includes the coupling losses between the antennas and the component losses of port 2. The matching (η m ) and series component efficiencies are negligible. The efficiencies are determined using Optenni Lab. As can be seen in Table 1 , a significant portion of the losses is caused by the shunt inductor (L 1 ) in addition to those of the DTC. The purpose of L 1 is to tune the antenna to the correct frequency band, meaning that a relatively large current flows through the component (especially at the low-band). Nevertheless, the components have to be placed this way to establish the desired tuning range. The losses of CMOS-based DTC are very high (2.9 dB) at the low-band, as already suggested by its low Q. On the other hand, the losses of MEMS-based DTC are significantly smaller (less than 0.5 dB). 
Free Space
The measured impedance results of ProtoC with different DTC states are presented in Figure 6 . Both antenna elements are working at the same frequency in order to mimic the worst case scenario. The antenna structure can cover most of the LTE-A bands, and the isolation between the antennas is in the range of 8-18 dB and 7-13 dB at the low-and high-bands, respectively. The antennas can also be tuned to operate at different frequency bands or to compensate the user-originated impedance mistuning. The antenna is matched to have an over-coupled impedance behavior (see Figure 6(b) ). This makes the antenna more robust to impedance mistuning caused by user proximity. Figure 7 presents the measured total efficiency (η tot ) results for ProtoC. The measured η tot is between −7.0 and −3.0 dB (20-50%) at the low-band, and between −4.0 and −1.0 dB (40-80%) at the high-band. It can be seen that the antenna is fairly selective at the low-band, whereas the selectivity is low the at the high-band. Elements 1 and 2 have similar performance, even though element 1 seems to perform slightly better especially at the low-band due to its position with respect to the enclosure (see Figure 5(c) ). The comparison between the simulated and measured efficiencies is shown in Table 1 , and a very good agreement is obtained. The performance of the MEMS-based DTC [15] was studied with simulations only. The simulated η tot (ProtoM ) is between −3.1 and −1.8 dB (49-88%) at the low-band, and between −2.5 and −0.6 dB (56-88%) at the high-band.
User Effect
In order to verify the robustness of the antenna performance with the user's hand, the antenna prototype was measured with SHO V2RD (later "data grip") hand phantoms by SPEAG. The antenna elements Figure 7 . Measured total efficiencies in free space (a) at the low-band, and (b) at the high-band. Elem1 and Elem2 refers to antenna elements 1 and 2, respectively. are placed at the bottom part of the device in order to fulfill the SAR requirements when the handset is used in a talking position [22] [23] , as shown in Figure 8 (a). The phantom hand is based on the CTIA OTA test plan, revision 3.0. The measured S-parameters shown in Figure 9 (a) suggest that frequency tuning can be used to compensate the user-originated losses. The used DTC states are different compared to the free space case due to the impedance detuning caused by the hand. It can be seen that the tuning range is sufficient, except with element 2 at Band 8, where the matching is not optimal. This is due to a large impedance detuning caused by the palm. With the broader tunability range of the MEMS DTC, more severe user-originated losses can be compensated compared to the CMOS DTC.
In measurements, the total loss was measured and the hand loss was obtained from η hand = η tot /η m where η m is the measured matching loss. The simulated and measured hand losses (see Figure 9(b) ) indicate a fairly good agreement. However, in some cases (e.g., Elem 2 at 0.9 GHz), there is approximately a 1.2-dB difference between the measured and simulated η hand . This is mainly due to the insufficient frequency tuning in that particular case, which results in increased uncertainty when estimating η hand . In addition, there is a small uncertainty caused by slight positioning differences between the measured and simulated cases.
The measured hand losses are in the range of 2.6-5.5 dB. At low-band, the hand loss is less dependent on the individual element because the chassis is the main radiator. At high-band, the elements become significant radiators, and therefore a larger part of the losses are concentrated in parts of the hand close to each element. In our measurement setup, element 2 is more affected by the vicinity of the palm tissue than element 1 (see Figure 8(a) ). At the low-band, the case is not that straightforward since the contribution of the chassis at the low-band is more significant than at the high-band: at 0.7 and 0.8 GHz, element 1 causes the largest hand losses, and at 0.9 GHz, the order is reversed.
MIMO Performance
The measured envelope correlation (ρ e ) and the multiplexing efficiency (η mux ) results in free space and with the user's hand are presented in Figure 10 . The measurements were made for ProtoC. Because theη mux is directly proportional to the efficiency (see Eq. (1)), the improvement in the DTC losses can be directly seen fromη mux . Thus,η mux of ProtoM will be 0.8-2.8 dB better at the low-band compared to ProtoC. At the high-band, theη mux performance of the MEMS-and CMOS-based DTCs is roughly the same.
The ρ e results shown in Figure 10 (a) suggest that the user's hand will improve the already good performance at the low-band. At the high-band, the user's hand will improve the ρ e between 1.43-1.8 GHz, whereas the performance is better without the user at frequencies above 1.8 GHz. The good ρ e results suggest that the proposed antenna also has a goodη mux performance (see Figure 10(b) ). It can be seen that the user's hand will decrease theη mux performance by 3-5 dB at the low-band and by 2-5 dB at the high-band. This agrees with the hand losses discussed in the previous subsection.
The MIMO capacity of the proposed antennas can be estimated from the ergodic capacity presented in Figure 8 (b) [24] . The ergodic capacity is calculated by using a Rayleigh fast fading channel. Theη mux results shown in Figure 10 (b) suggest that the channel capacity in free space is decreased by 18-40% and by 7-27% at the low-and high-bands, respectively, compared to the ideal 2x2 MIMO system (SNR = 20 dB). In addition, the ergodic capacity of the proposed antenna outperforms the ideal SISO system even in the worst case when the user's hand is present. 
Planar Alternative
Frequency tuning is used to minimize the antenna volume, and thus an extreme case where the antenna height equals the thickness of the substrate (h = 1.5 mm) was studied with simulations and measurements. The geometry of the planar structure (later "Planar Proto") is the same as the previously presented Proto, except that the height of the antenna element is reduced from 5 to 1.5 mm (see Figure 5 (a)). The impedance behavior of Planar Proto is similar to Proto presented in Figure 6 . The volume reduction decreases slightly the antenna conductance, i.e., the CLF is increased, and thus the matching circuit losses are increased. If the thinner structure (Planar ProtoM ) is used instead of the thicker one (ProtoM ), the η tot is decreased by 0.6-2.1 dB and 0.5-1.1 dB at the low-and high-bands, respectively. The reduction of the η tot with the CMOS-based DTC is about the same order of magnitude as with the MEMS-based DTC. As a conclusion, the antenna volume can be decreased significantly (by ca. 70%) if an extra loss of 0.5-2.1 dB is acceptable.
Comparison to the State-of-the-Art
In order to identify how the performance of the proposed antenna places it within the state-of-the-art, the proposed antenna is compared to designs presented in recent publications. For fair comparison with the current antenna, the chosen MIMO antennas have fairly similar total dimensions, and they fulfill the LTE-A specification in terms of single antenna bandwidth performance (BW). The emphasis was with the measured η tot results, even though the antenna structures with the MEMS-based DTC are only simulated in this work because of limited availability of the components at the time of the measurements. The η tot results shown in Table 2 are measured in free space. In most of the other structures, the performance of the auxiliary (aux) antenna is limited, while the proposed antenna has almost identical performance of the main and auxiliary antennas. The comparison proves that the antennas presented in this paper (Planar Proto and Proto) have a very good performance in terms of antenna volume, bandwidth and efficiency.
CONCLUSIONS
A novel frequency reconfigurable MIMO handset antenna has been introduced. It is shown that the CLF can be used to estimate the suitability of the antenna geometry for frequency tunable antennas. This paper improves the general understanding of how to design compact and frequency tunable MIMO antennas for mobile handsets while maintaining a good and robust performance with the user. Simulations verify that the antenna has an efficiency better than −3.1 dB (49%) across the frequencies of 698-960 MHz and better than −2.5 dB (56%) across the frequencies of 1430-2690 MHz when a MEMSbased DTC is used. Using a CMOS-based DTC can increase the losses by up to 3 dB. Measurements verify that the antenna has a good spatial multiplexing performance.
